Abstract-In a multiethnic cohort of older people with diabetes (nϭ1178), we assessed whether ambulatory blood pressure (BP) monitoring improves prediction of all-cause mortality and cardiovascular mortality when added to baseline covariates, including office BP and heart rate (HR). Secondary analyses assessed whether albuminuria may mediate the association of pulse pressure with mortality. The ambulatory arterial stiffness index was calculated as "1-slope" from the within-person regression of diastolic-on-systolic ambulatory BP readings. Mean follow-up was 6.6Ϯ0.4 years. There were 287 deaths; death certificates were available for 215 deaths (75%), and 110 of them were deemed of cardiovascular cause. Cox models were built incrementally. First, models using clinical and laboratory variables selected albuminuria and office HRs as independent predictors of all-cause and cardiovascular mortality. When ambulatory monitoring data were added, sleep:wake HR ratio and ambulatory arterial stiffness index added significantly to the prediction of all-cause mortality, but only sleep:wake HR ratio added to the prediction of cardiovascular mortality. Office HR and albuminuria retained significance as predictors of both types of mortality. Secondary analyses without adjustment for albuminuria confirmed the predictive value of office HR and sleep/wake HR, whereas 24-hour pulse pressure and sleep systolic BP were also independently predictive of all-cause and cardiovascular mortality, respectively. In conclusion, office HR and albuminuria were strong predictors of mortality. Ambulatory monitoring improved the prediction of risk through its assessment of sleep HR dipping and of ambulatory arterial stiffness index, a measure of the dynamic relationship between systolic and diastolic BPs. Albuminuria may mediate the association between BP and mortality. 
P eople with diabetes mellitus exhibit a consistently higher mortality risk, as compared with people without diabetes mellitus, and this excess mortality is particularly important in the elderly. 1 Thus, there is a strong interest in identifying markers of higher mortality risk in elderly people with diabetes mellitus and determining whether those markers add to well-characterized predictors, such as albuminuria 2 and a history of congestive heart failure (CHF). 3 Since the publication of the study by Perloff et al in 1983, 4 ambulatory blood pressure (BP) monitoring (ABPM) has been shown in several studies to be superior to office BP measurements in predicting mortality in different patient populations. Over the years, investigators have identified a number of BP variables measured by ABPM that provide valuable information when assessing mortality risks. Those variables include mean 24-hour systolic and diastolic BPs, 24-hour pulse pressure (PP), abnormal sleep dipping patterns, and the ambulatory arterial stiffness index (AASI). In addition, ABPM allows an evaluation of heart rate (HR) over 24 hours, including an assessment of sleep dipping patterns, and the 24-hour HR data may also add to the predictive information provided by office HR measurements. 5 There is a significant gap in the literature with regard to the value of ABPM to improve the prediction of mortality in people with diabetes mellitus. There have been only 4 prospective studies; they were limited to white and Japanese populations and had significant methodologic limitations. 6 -9 Three studies had a relatively small sample size and a small number of events, limiting the reproducibility of the multivariate analyses. 6, 8, 9 In addition, 2 studies failed to include albuminuria in their predictive models, 7,9 and 1 of those 2 assessed ABPM performed in hospitalized patients, thereby causing a selection bias and reducing the applicability of its findings. 7 Finally, none of them assessed the predictive value of the AASI or the HR dipping pattern during sleep, both of which have been reported to be independent predictors of mortality in people without diabetes mellitus. 10 -13 There is widespread consensus about the predictive value of both albuminuria and PP in the elderly. Higher PP is also an independent predictor of the progression of albuminuria in elderly people with diabetes mellitus, and the association is stronger for 24-hour (as compared with office) PP. 14 However, to the best of our knowledge, data examining the hypothesis that albuminuria may mediate the association between PP and mortality in elderly people with diabetes mellitus have not been reported.
We studied prospectively a large (nϭ1178), multiethnic sample of elderly people with diabetes mellitus. Our primary goal was to assess the incremental value of ABPM, when added to a clinical assessment that included office BP and HR measurements, to predict all-cause mortality. We also performed secondary analyses to determine whether albuminuria could be a mediator in the association between PP and mortality.
Methods

Study Participants
We studied 1178 participants enrolled in the Informatics for Diabetes Education And Telemedicine (IDEATel) Study. 15 We examined the relationship between data obtained at the baseline IDEATel examination, conducted during the years 2000 and 2001, and mortality during follow-up, through February 28, 2008 . The components of the baseline examination, and the telemedicine intervention in IDEATel are described in the online data supplement (available at http:// hyper.ahajournals.org). Albuminuria was measured as the spot urinary albumin:creatinine ratio (uACR). All of the IDEATel participants signed informed consent, and the protocol was approved by the institutional review boards at all of the participating institutions.
Office BP Measurement
Office BP was measured at the baseline visit using the Dinamap Pro 100 (Critikon) automated oscillometric device. Participants were instructed to take their antihypertensive medication(s) as usual the morning of the examination. Three measurements were obtained at 1-minute intervals in a seated position after 5 minutes of rest in a quiet room, using a standardized protocol. 16 The average of the second and third measurements was recorded as the resting BP. Office PP was defined as the difference between systolic and diastolic resting BPs.
Ambulatory BP Monitoring
ABPM was performed at the baseline visit using a SpaceLabs 90207 monitor (SpaceLabs) following a published protocol. 17 BP was recorded every 20 minutes for a 24-hour period. Sleep and wake intervals were defined from diary entries and confirmed by a telephone interview on the morning when monitoring ended. A minimum of 6 valid awake readings and 4 valid sleep readings were required for the computation of wake and sleep averages. A reading was accepted as valid if it was nonartifactual and within physiological range. The mean (SD) number of measurements per participant was 64.5 (8.3) , whereas the minimum number was 32 (in 1 participant). Ambulatory 24-hour PP was defined as the mean difference between all of the systolic and diastolic BP readings. Ambulatory sleep:wake ratios were calculated for systolic BP and HR and categorized as dipping (ratio: Յ0.9), nondipping pattern (0.9 Ͻ ratio Յ 1), or sleep rise (ratio: Ͼ1). AASI was calculated from unedited recordings as follows: the regression of diastolic on systolic BP was estimated for each participant (not forcing the regression line through 0), and AASIϭ(1Ϫregression slope).
Vital Status Ascertainment
Vital status of the participants was determined through queries of the Center for Medicare and Medicaid Services database, which contains data updated weekly by automated cross-referencing with the Social Security Administration database. We last queried the Center for Medicare and Medicaid Services vital status database for this cohort on February 28, 2008.
Death Certificate Data
Death certificate queries were performed through the New York State Department of Health (last query performed August 26, 2008) and the New York City Bureau of Vital Statistics (last query performed January 7, 2008) . Based on the death certificate data, 2 investigators (W.P. and A.M.) independently classified deaths as cardiovascular or noncardiovascular using the National Center for Health Statistics definitions (cardiovascular: International Classification of Diseases, 10th Revision, codes I00 to I99 for underlying cause of death; noncardiovascular: all other International Classification of Diseases, 10th Revision, codes for underlying cause of death). 18 They achieved 99% agreement, and the disagreements were resolved by consensus in open review.
Statistical Analysis
Variables that were positively skewed, including uACR, were log 10 transformed before the multivariate analyses to better approximate a normal distribution. Comparisons of baseline characteristics according to vital status were made using 2 or Fisher's exact tests (when any expected cell frequency was Ͻ5) for categorical variables, Student t test for continuous variables approximating a normal distribution, and the Mann-Whitney U test for continuous variables that were not normally distributed. Correlations were assessed using Pearson's or Spearman's methods, as appropriate.
The goal of the multivariate Cox proportional hazards models was to test the independent association of ABPM with mortality after adjustment for other covariates, including office BP measurements. Thus, the models were built in a hierarchical fashion using the likelihood ratio test for hypothesis testing. Separate models were built for all-cause and cardiovascular mortality. Time from the baseline examination to the event (or censoring) was the outcome variable, and all of the models were adjusted for age at enrollment (modeling time from age at baseline to age at time of event/censoring rendered virtually identical results). First, we built the optimal predictive models that used clinical, laboratory, and office BP data, using a backward selection process with a PϽ0.10 for removal of a variable from the equation. The variables considered for inclusion, based on well-established risk factors, biological plausibility, and availability in the data, were age; gender; race/ethnicity; body mass index; duration of diabetes mellitus; smoking; history of CHF; previous myocardial infarction; previous stroke; use of ␤-blockers, angiotensin-converting enzyme inhibitors, or angiotensin receptor blockers; diuretics; calcium channel blockers; hemoglobin A1c; uACR (log 10 transformed); high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, office HR, office systolic BP, diastolic BP, and PP. The variables selected through that process composed model 1. Subsequently, ABPM variables were added to model 1 in a stepwise fashion, starting with the most informative and stopping when the likelihood ratio test failed to show a significant improvement of the model (PϽ0.05). AASI was categorized into tertiles, because preliminary analyses showed that this provided a better fit than entering AASI as a continuous variable. All of the predictor variables were considered fixed at baseline (ie, none was treated as time dependent). Multicollinearity for BP variables was assessed by calculating the tolerance for each of them in full models. None of them exhibited tolerance values Ͻ0.20, which would have indicated excessive multicollinearity. 19 Correctness of the proportional hazards assumption was verified using the Harrell and Lee modification of the Schoenfeld goodness-of-fit test. 20 The Cox models were compared in terms of calibration, discrimination, and added predictive ability. 21, 22 Calibration was measured using the Ϫ2 log-likelihood statistic and com-pared using the likelihood ratio test, whereas discrimination of each model was evaluated using the c-statistic and its 95% CI. 23 The integrated discrimination improvement method, which does not require predefined risk categories, 22 assessed the increment in predictive ability of the model when ambulatory monitoring variables were added to the clinical characteristics. We also performed secondary analyses examining the potential role of uACR as a mediator of the relationship of ambulatory BP to mortality. We did this because PP has known predictive value in the elderly 24, 25 but is also clearly associated with levels of uACR 26 and the progression of albuminuria. 27, 28 Those analyses used the same approach described above but excluded uACR as a covariate. Statistical analyses were performed using SPSS 15.0 (SPSS Inc) and SAS 9.1 (SAS Institute Inc). 
Results
There were 1178 IDEATel participants with complete baseline data, including ABPM recordings. Mean follow-up was 6.6Ϯ0.4 years. There were 287 deaths; death certificates were available for 215 deaths (75%), and 110 of those were deemed to be attributed to a cardiovascular cause. According to the American Heart Association definitions, 29 75 of the cardiovascular deaths were classified as cardiac, 15 as cerebrovascular, and 20 as death from other cardiovascular disease. To preserve the statistical power of the study, all of the cardiovascular deaths were analyzed together. Table 1 summarizes the baseline characteristics of the participants, categorized by vital status at the end of follow-up. Most participants in both groups (81%) were taking antihypertensive medications. Participants who died tended to be older, male, and to have had a history of CHF, myocardial infarction, or stroke; a longer duration of diabetes mellitus; and higher triglyceride levels at baseline. They also tended to have had higher office PP and HR, higher 24-hour PP and AASI, and an abnormal sleep-dipping pattern of HR and systolic BP. Survivors were more frequently Hispanic and had higher HDL cholesterol levels.
Ambulatory HR variables measured through ABPM showed a strong correlation with office HR (correlation coefficients ranging from 0.64 to 0.70), with the exception of the sleep:wake HR ratio (correlation coefficient: Ϫ0.08). These relationships are summarized in Table S1 .
The proportion of people who died in different BP categories is summarized in Table 2 . There was a dose-response relationship of mortality to tertiles of office HR, 24-hour PP, AASI, and systolic BP and HR sleep-dipping patterns.
Cox proportional hazards models were built in a hierarchical fashion that assessed information from clinical and laboratory variables first and then assessed the incremental predictive value of ABPM variables. Models were built for all-cause and cardiovascular mortality. Table 3 summarizes our findings for all-cause mortality. First, we built the best predictive model using non-ABPM variables, model 1. The variables retained in model 1 for the prediction of all-cause mortality were age, gender, duration of diabetes mellitus, smoking, history of CHF, previous myocardial infarction, use of angiotensin-converting enzyme inhibitor/angiotensin receptor blocker, uACR (log 10 transformed), HDL cholesterol, and office HR. No office BP variable was selected. The hazard ratios (95% CIs) for the second and third tertiles of office HR were 1.48 (1.09 to 1.99) and 1.56 (1.15 to 2.12), respectively. The adjusted hazard ratios estimated for each ABPM variable when added individually to models 1 are summarized in Table S2 .
At the next step, we assessed the incremental predictive value of ABPM variables when added to model 1 in a forward selection fashion, starting with the most informative variable and stopping when the likelihood ratio test failed to show a significant improvement of the model. The ABPM variables that added significant predictive information to model 1 for the prediction of all-cause mortality were the sleep:wake HR ratio and the AASI (entered as tertiles; Table 3 , model 2). There was no evidence of an interaction between AASI and the sleep:wake HR ratio (P for the interaction termϭ0.48).
Sleep:wake HR ratio, as changes per SD, provided a better fit than a categorical variable. However, this may be difficult to interpret, and, therefore, the hazard ratios for categories of nocturnal dipping were also calculated, for descriptive purposes. The hazard ratios (95% CIs) for a nondipping sleep HR pattern or a sleep rise, compared with the normal pattern, were 1.47 (1.12 to 1.92) and 1.97 (1.38 to 2.79), respectively. The hazard ratios for the second and third AASI tertiles, compared with the first, were 0.95 (0.69 to 1.30) and 1.37 (1.02 to 1.85), respectively. Higher office HR remained an independent predictor of mortality in the fully adjusted model (PϽ0.001). Models 1 and 2 exhibited similar discrimination; their c-statistics (95% CIs) were 0.73 (0.70 to 0.76) and 0.74 (0.71 to 0.77), respectively. The predictive ability of model 2, as assessed by the integrated discrimination improvement, 22 was significantly better than that of model 1 (PϽ0.001). Both models had significantly better discrimination than a model limited to age and gender, which exhibited a c-statistic of 0.65 (0.61 to 0.69). Of note, the forced inclusion of ␤-blocker use into the models did not change our findings. Moreover, the addition of systolic BP sleep dipping patterns failed to improve model 2, and there was a loss in calibration if 24-hour PP was added. Table 4 summarizes our findings for cardiovascular mortality, which were similar to those noted above for all-cause mortality, and differed only in that a smaller number of variables were selected. Model 1 included age, duration of diabetes mellitus, history of CHF, HDL cholesterol levels, uACR (log 10 transformed), and office HR. Model 2 identified the sleep:wake HR ratio as the only ambulatory monitoring variable that added incremental predictive value to model 1. The hazard ratios (95% CIs) for a nondipping sleep HR pattern or a sleep rise, compared with the dipping pattern, were 1.42 (0.92 to 2.21) and 2.29 (1.35 to 3.87), respectively. Models 1 and 2 exhibited similar discrimination; their c-statistics (95% CIs) were 0.77 (0.73 to 0.82) and 0.78 (0.74 to 0.82), respectively. Addition of the sleep:wake HR ratio increased significantly the predictive ability of the model, as measured by the integrated discrimination improvement (PϽ0.001). 22 Results of the secondary analyses, in which Cox models were built without uACR as a covariate, are described in Tables S3 and S4 . They rendered similar results as compared with the primary analyses, including the selection of sleep: wake HR ratio, but differed in that PP was an independent predictor of all-cause mortality, whereas AASI was not. In the fully adjusted model, the all-cause mortality hazard ratio per each 10-mm Hg increase in 24-hour PP was 1.20 (1.04 to 1.40) . With regard to cardiovascular mortality, sleep:wake HR ratio was once again an independent predictor in the fully adjusted model, and sleep systolic BP was the other ambulatory monitoring variable that added incremental predictive value. The hazard ratio for cardiovascular mortality per 10-mm Hg increase in sleep systolic BP was 1.18 (1.05 to 1.32).
Discussion
We found in a sample of older people with diabetes mellitus followed for a mean of 6.6 years that, in addition to established risk factors: (1) office HR was a strong predictor of mortality, outperforming office BP measurements; (2) ABPM added significantly to the prediction of mortality: the variables that contributed independent predictive information were the sleep HR dipping ratio (all-cause and cardiovascular mortality) and the AASI (all-cause mortality only); and (3) albuminuria was also a strong predictor, and it appeared to play a role in mediating in the relationship between PP and mortality. Of note, the predictive variables that we identified, namely, loss of nocturnal HR decline, arterial stiffness, and albuminuria, reflect cardiovascular or renal end-organ damage, possibly caused in part by poor control, long duration, or both, of diabetes mellitus. These findings are novel and merit further discussion.
The strong predictive value of higher office HR that we have observed in this cohort is in agreement with previous reports in the general population. The association of office HR with mortality risks in the general population was described 2 decades ago by the Framingham investigators, 30 and their findings have been replicated on numerous occasions. However, the relative predictive value of office HR, as compared with ambulatory HR measurements, remains largely unknown in people with diabetes mellitus. The data from other studies, which included a minority of people with diabetes mellitus, are somewhat contradictory. Verdecchia et al 10 reported that office HR did not have independent value to predict mortality in a cohort of people with hypertension who underwent ABPM. In contrast, in the placebo arm of the Systolic Hypertension in Europe Trial, a significant independent association with mortality was found for office HR but not for ambulatory HR. 5 However, the sleep:wake ratio was not evaluated. 5 Of note, the number of events in both reports was small (74 and 39 deaths, respectively), severely limiting the statistical power of their analyses. There were 287 deaths in our study. Finally, in a population-based study in Milan, Italy, neither office nor ambulatory HR was an independent predictor of mortality, but participants were both younger and healthier than in our study. 31 When assessing the incremental predictive value of ABPM, the ratio between sleep and wake HR added significant information to the fully adjusted models for the prediction of all-cause and cardiovascular mortality. In contrast, it is likely that 24-hour HR did not add to the prediction of mortality because it was highly correlated with office HR (Pearson Rϭ0.70). The sleep:wake HR ratio, which was not correlated with office HR, has not been examined previously as a predictor of mortality in people with diabetes mellitus. Previous studies in hypertensives have reported an independent association of the sleep-dipping HR patterns with mortality risk: one of them was the aforementioned study by Verdecchia et al. 10 Another study, by Ben-Dov et al, 11 also included a small number of participants with diabetes mellitus (9%) in the sample. In an International Database on Ambulatory blood pressure monitoring in relation to Cardiovascular Outcomes (IDACO) collaborative analysis of pooled data by Hansen et al, 32 night:day HR ratio was also an independent predictor of all-cause mortality, but it did not reach statistical significance to predict cardiovascular mortality (hazard ratioϭ1.12; 95% CI: 0.99 to 1.27). Their sample size was large (nϭ6928), but only 7% of the subjects were people with diabetes mellitus. Another notable difference with our study was that uACR and office HR were not included in their Cox models. Of note, we found that the sleep:wake HR ratio, as a continuous variable, provided a better fit in multivariate models than when categorized as dipping, nondipping, and riser. However, the increment in risk associated with those categories was also reported, for descriptive purposes.
The putative mechanisms underlying the association of office HR and sleep:wake heart ratio with higher mortality are several and may be shared to a large extent. However, the fact that those variables had independent predictive value in this cohort suggests that the overlap is not complete. Cardiovascular autonomic neuropathy may play an important role in our elderly cohort with a long-standing history of diabetes mellitus, resulting in an impairment in the normal sympathetic withdrawal that should occur while resting. Importantly, low HR variability has been clearly associated with a higher incidence of fatal cardiovascular events. 33 The other ABPM variable with independent predictive value in our primary analysis was the AASI, which was first described by Li et al 34 in 2006 . AASI is elevated in people with diabetes mellitus, probably as a result of cardiovascular end-organ damage. 35 However, previous publications assessing the use of AASI to predict mortality did not provide estimates for people with diabetes mellitus and had contradictory findings: AASI was an independent predictor in 2 studies 12, 13 but not in a third. 36 The exact physiological meaning of the AASI remains controversial. 37 Originally intended to assess arterial stiffness, its use for that purpose has been questioned. 38 Alternatively, it has been proposed that the AASI reflects dynamic arterial stiffening, the relative increment in stiffness from diastolic to systolic values, 39 or the relationship between the pulsatile and steady components of BP. 40 Regardless of the exact pathophysiologic meaning of the AASI, our findings suggest that it may contribute significantly to the risk stratification of people with diabetes mellitus.
PP has been shown to be particularly useful to predict mortality in the elderly, in whom it is believed to reflect arterial stiffness. 24, 25 Interestingly, we found that office and 24-hour PPs were independently predictive of all-cause mortality only in models that did not adjust for albuminuria. In turn, sleep systolic BP added to the prediction of cardiovascular deaths in models that did not include albuminuria as a covariate, as reported previously by Fagard et al 41 in hypertensives. This suggests that albuminuria, or a yet-unidentified variable closely associated with it, may be in the causal pathway of the association between higher BP levels and mortality. This is biologically plausible because increments in albuminuria over time have been directly associated with higher mortality, 42 and 24-hour PP is associated with the progression of albuminuria in elderly people with diabetes mellitus. 14, 27 Previous studies assessing the predictive value of ABPM in diabetes mellitus failed to consider albuminuria as a covariate. 7, 9 From a clinical standpoint, that was a significant deficiency, because periodic uACR measurements are now part of the standard of care for people with diabetes mellitus.
It should be noted that most participants in our study (81%) were taking antihypertensive medications, which were not stopped for the baseline examination. This may have played a role in decreasing the predictive information provided by office blood pressure levels in this study. Interestingly, office HR was an independent predictor of events, although it was also measured under the influence of antihypertensive medications.
Several limitations are noteworthy. First, our sample was composed of older subjects, with long-standing diabetes mellitus. Thus, our findings may not generalize to younger patients and particularly to those with type 1 diabetes mellitus. Second, like all observational studies, ours was subject to the risk of residual confounding because of measurement error or unmeasured confounders. Third, the IDEATel baseline examination did not include an assessment of renal function, such as serum creatinine. Patients with advanced renal failure were excluded, but we do not know whether the addition of a serum creatinine measurement would have substantially changed our results. Finally, we did not perform sleep studies to determine whether abnormal sleep patterns of HR and BP were because of sleep apnea. The strengths of this study include its prospective design; a large sample that was well-characterized, elderly, multiethnic, and had adequate representation of women; and a larger number of deaths than in previous studies of ABPM and mortality prediction in people with diabetes mellitus. ABPM was performed using a well-validated methodology. 43 Moreover, we analyzed the incremental value of ABPM when added to clinical variables in a hierarchical approach that aims to resemble the use of risk prediction tools in the clinical setting. 44 
Perspectives
Office HR was an independent predictor of all-cause mortality in this cohort, whereas office BP was not. The predictive value of office HR persisted after incorporating the information provided by ABPM. This highlights the clinical relevance of HR when risk-stratifying elderly people with diabetes mellitus. ABPM added significant information to the prediction of mortality risk. Specifically, the sleep:wake HR ratio and the AASI, which reflects the dynamic relationship between diastolic and systolic BPs, were independent predictors of all-cause mortality, whereas only the sleep:wake HR ratio added to the prediction of cardiovascular mortality. In addition, we found evidence suggesting that albuminuria, a powerful marker of increased risk, may mediate the association between elevated BP and higher mortality. Overall, we believe that our findings highlight the relationship between diabetic end-organ damage, as reflected by changes in HR, BP, and albuminuria, and the mortality risks in elderly people with diabetes mellitus. 0.037 *Model 1 included age, gender, duration of diabetes, smoking, congestive heart failure, prior myocardial infarction, use of ACE-inhibitor/angiotensin-receptor blocker, urine albumin-to-creatinine ratio (log 10 -transformed), HDL-cholesterol, and office heart rate.
† Within-individual standard deviation. BP = blood pressure; bpm = beats per minute; AASI = ambulatory arterial stiffness index. 
